In this work, the synthesis of semiconducting molecular materials formed from metallo-phthalocyanines (MPcs) and bidentate amines is reported. Powder and thin-film samples of the synthesized materials, deposited by vacuum thermal evaporation, show the same intra-molecular bonds in IR-spectroscopy studies. The morphology of the deposited films was studied using scanning electron microscopy and atomic force microscopy. The optical parameters have been investigated using spectrophotometric measurements of transmittance in the wavelength range 200 -1100 nm. The absorption spectra in the UV-Vis region for the deposited samples showed two bands, namely the Q and Soret bands. The optical band gap values of the thin films were calculated from the absorption coefficient α in the absorption region and were found to be around 1.4 -1.6 eV. The dependence of the Tauc and Cody optical gaps on the thickness of the film was also determined.
Introduction
Organic semiconductors remain promising candidates for future technological devices due to their properties and variants [1] . In this context, phthalocyanine (Pc) molecules are particularly appealing because of their unique optical and electrical properties. In general, they can be classified as p-type semiconductors characterized by low mobility and low carrier concentration [2] [3] [4] [5] [6] . Phthalocyanine represents a large family of heterocyclic conjugated molecules, consisting of four benzoisoindole units, with potential applications in the fabrication of solar cells, chemical sensors, electronic displays and optical data storage systems [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Phthalocyanine compounds were first observed as highly colored by-products of O-cyanobenzamide preparation from phthalamide and acetic anhydride [13] . Phthalocyanine (Pc) is a planar molecule formed by a porphyrin-like central ring bonded to four aromatic rings [14, 15] . Phthalocyanines have rich coordination chemistries and can be complex with most metallic elements. The most widely investigated materials of this family are copper, nickel and magnesium phthalocyanines in the forms of single crystal and thin film [13] .
Although lithium and sodium phthalocyanines have received comparatively less attention [16] [17] [18] , they seem to have some characteristics that make them suitable active materials for the fabrication of optical sensors. The coordination of phthalocyanine ligands with the lithium and sodium atoms forms monometallo or dimetallo complexes [16] [17] [18] . They are remarkably soluble in organic solvents and have demonstrated to be useful precursors in the syntheses of novel metallo-phthalocyanines, such as the sandwich-type complexes [16] [17] [18] . The UV-Vis absorption spectra of dilithium and disodium phthalocyanines (Li 2 Pc and Na 2 Pc) have been studied, and strong similarities with the normal closed-shell MPcs, such as ZnPc, have been noticed. The chemical or electrochemical oxidation of M 2 Pc (M = Li, Na) produces the monometallo phthalocyanine MPc (M = Li, Na), which has a relatively high electric conductivity and is considered as an intrinsic molecular semiconductor [2] [3] [4] [5] [6] 16] . These materials can be easily sublimated in vacuum, resulting in high-purity thin films without decomposition. As organic semiconducting thin films are made up of individual molecules held together by weak van der Waals forces, the optical properties of the solid are strongly influenced by the degree of intermolecular orbital overlap. In the case of phthalocyanine molecules, the implication is that charge transport involves some degree of anisotropy [19] .
Optical properties, such as absorption and emission, are frequently anisotropic, a characteristic that has been used for organic light emitting diodes as well as for organic solar cells [8] [9] [10] [11] [12] . They are also widely used as laser dyes capable of excellent optical amplification in the red region because of their good light absorption in the UV-Vis region [20] [21] [22] [23] [24] . Interest in Li 2 Pc and Na 2 Pc is particularly related to their optical and semiconducting properties. The band gap is the most important parameter in the physics of semiconductors and is usually deduced from the optical absorption spectrum [25] . In a crystalline semiconductor, the absorption spectrum terminates abruptly at points defined by the energy gap. In amorphous semiconductors, a tail in the absorption spectrum encroaches into the gap region [26] . This tail in the absorption spectrum, arising as a consequence of the disorder which characterizes these semiconductors, makes the absorption edge of an amorphous semiconductor difficult to define experimentally. As a result, various empirical measures for the optical gap have been devised [26] . Two of these models, namely the Tauc and the Cody models, are widely applicable [26, 27] . The Tauc model has served as the standard empirical model, whereby the optical gap of an amorphous semiconductor may be determined [26] . This model suggests that the curvature in the spectral dependence of α(hν) is the dominant factor responsible for the increase in the Tauc optical gap, while the Cody model considers the spectral dependence of the refractive index, n(hν), as the dominant factor in the determination of the optical gap [26, 27] .
In this work, a method has been developed to synthesize amorphous semiconductors from the reaction of dimetallo-phthalocyanines (M 2 Pc) and bidentate amines. New thin films have been produced by vacuum thermal evaporation. The specific aims are the determination of the optical parameters involved in the principal optical transitions of the UV-Vis region and the application of the Tauc and Cody models in the determination of the band gap [26, 27] . We determine the dependence of the Tauc and Cody optical gaps associated with amorphous dimetallo-phthalocyanines on the thickness of the film, taking into account that few studies have been made to check their validity in the case of two central metallic atoms. The application of the Tauc and Cody models enables us to establish some important correlations between film structure and optical absorption properties. Film characterization was performed through infrared spectroscopy, scanning electron microscopy (SEM) and atomic force microscopy (AFM). It is worthwhile noting that these materials have also attracted interest in recent times because of their semiconductivity and chemical stability [28] .
Materials and Methods

Synthesis: Starting Material and Chemicals
All the reactants employed were acquired from Aldrich Chemical Co., Inc. The reactants were used with no previous purification. In general, dimetallo-phthalocyanines could be purified by Soxhlet extraction of commercial material. A solution of the M 2 Pc (M = Li, Na) in absolute ethanol was added to a solution of the appropriate diamine ligand [1,4- 
Powder Characterization
The characterization of powder materials was carried out, for IR spectroscopy, in a Bruker spectrophotometer, model Tensor 27, using KBr pellets for solid samples in the 4000 to 300 cm −1 region with an 8 cm −1 resolution. Mass spectra (FAB+) were measured on a 3-nitrobenzyl alcohol support in the positive ion mode on a Jeol JMS-SX102A instrument.
Thin Film Deposition
Thin film deposition of the synthesized compounds -BDALiPc, AqDALiPc, BDANaPc, AqDANaPc-was carried out by vacuum thermal evaporation onto quartz and (100) single-crystalline silicon (c-Si) 200 Ω-cm wafers. The quartz substrates were ultrasonically degreased in warm methanol and dried under a nitrogen atmosphere. The silicon substrates were chemically etched with a p-etch solution (10 ml HF, 15 ml HNO 3 and 300 ml H 2 O) to remove the native oxide from the c-Si surface. In order to achieve high purity for these thin films, a vacuum chamber was used with a diffusion pump and a special tungsten crucible with a double-grid cover. Quartz fiber was added inside the crucible to avoid the ejection of grains towards the substrate at a temperature of 298 K. The evaporation temperature in the boat was 453 K, which is lower than the decomposition temperature previously evaluated by thermogravimetric study of the materials synthesized. This value was measured by means of a chromel-alumel K-type thermocouple. All samples were obtained by using the same deposition system, with the crucible and substrates arranged in the same geometry. The pressure in the vacuum chamber before the film deposition (1 × 10 −6 Torr), the amount of mass inside the crucible (0.1 g) and the evaporation rate (74 Å/s) were the same in all cases. The thicknesses were monitored during deposition with a quartz crystal monitor and were subsequently checked with ellipsometry.
Thin Film Characterization
(i) IR measurements were obtained with a Nicolet iS5-FT spectrophotometer, using silicon flakes as substrate for the thin films. (ii) For SEM, a Leica Cambridge scanning electron microscope (model Stereoscan 440) was coupled to a microanalysis system and operated at a voltage of 20 kV and a focal distance of 25 mm with the thin films on the quartz substrate. (iii) AFM characterization used a JEOL microscope, model JSPM-4210, in the Tapping (AFM) work mode. For AFM characterization of the films, quartz substrates were used. (iv) Ultraviolet-visible spectroscopy was carried out in a Unicam spectrophotometer; model UV300 with a quartz substrate. (v) Film thickness and refractive index were determined by ellipsometry. This was carried out in a Gaertner Scientific Corporation ellipsometer (model L117) with the He-Ne laser operating at 630 nm and using silicon flakes as substrate.
Results and Discussion
IR spectroscopy was used to determine the presence of the most important and representative functional groups (see Figure 1) , and whether there were significant chemical changes in the materials during the vacuum thermal evaporation process. Due to the thermal stability of these compounds, chemical changes or reactions were not expected to occur. Table 1 shows the characteristic bands for these compounds. These results suggest that the vacuum thermal evaporation and deposition processes do not affect film formation, in contrast with other bimetallic complexes, where material decomposition occurs [29, 30] . It is worth noting that a slight difference is always expected in all thin films deposited by any method, since the inner stresses in the films affect the angles and energies of the intramolecular bonds. Although the deposited material is amorphous in nature, it is formed by the same chemical units as the material in the synthesized powder. The absorption peaks lie predominantly in the fingerprint region. The peaks responsible for carbon/nitrogen stretching and bending occur at 1587, 1487, 1328, 1282, and 1057 cm −1 . The peaks located at 1167, 1115, 779, and 750 cm −1 result from the interaction of carbon with the peripheral-ring hydrogen atoms [18] . The peaks at 1606 and 1093 cm −1 result from a carbon/ carbon stretch within the macrocyclic ring. Notable peaks also occur at 1706, 1454, 887, and 729 cm −1 ; they all represent carbon/hydrogen interactions within the macrocyclic ring of Li 2 Pc [10, 19] and the bidentate amine. Finally, AqDANaPc and AqDALiPc have the peak cor- + group. These results confirm the presence of both the M 2 Pc and the amine compound.
All materials in the SEM micrographs had an amorphous appearance with no periodicity. Figure 2(a) shows the micrograph at 1500× corresponding to the BDALiPc thin film. It is observed that the sample has a flat surface with two apparent phases. One phase shows a coating with several ramifications and low relief. The micrographs of thin films AqDALiPc and BDANaPc show that the morphology of each material is quite regular (Figures 2(b) and (c)); the surface of each sample has a smooth appearance and seems to have smaller elements. In the 1500× micrograph of AqDANaPc (Figure 2(d) ), one can readily find smooth grains of a generally round shape, although some of them show rather capricious forms. During the deposition process, when the molecules reach the portion of the substrate at the lowest temperature, their kinetic energy is insufficient for them to have a large surface mobility. Thus, the long-range order which is characteristic of crystals is not achieved and an amorphous film structure results.
The variations in the microscopic morphology and roughness of the films deposited onto quartz substrates were examined by atomic force microscopy and are shown in Figure 3 and Table 2 . 3D micrographs permit a large surface inspection of the micro-structural arrays, topological structure, porosity and film quality of the deposited layers. Three AFM scans were made for each film; the initial one at 10 μm and then two subsequent scans at 5 μm in order to verify that a similar surface was analyzed. For the purposes of this work, it is expected that such morphological variations as observed in the film samples will relate to other important physical properties. All films nearly completely covered the substrate. Thin films from samples BDALiPc and BDANaPc (Figures  3(a) and (c)) show a very similar aspect. Both films are extremely homogeneous and a fine granular structure can be observed in them. In the case of film deposited onto quartz from AqDALiPc, a heterogeneous distribution is seen and particles agglomerate to generate irregular structures (Figure 3(b) ). On the other hand, in the film deposited from AqDANaPc (Figure 3(d) ), particles agglomerate to generate larger structures with a reasonably homogeneous distribution. The calculated RMS wrinkle heights for the thin films are shown in Table 2 . This evaluation was performed on three different sites. The difference in the roughness values may be related to the different bidentate ligand in each molecular material. It appears that the aliphatic amine group in BDALiPc and BDANaPc acts as a Lewis base with a pair of available electrons. The nitrogen atom intervenes in the delocalized orbital of the aromatic ring, delocalizing the non-shared amine group electron pair within this structure. Hence, the amine group activates the aromatic ring into an oxidation state, due to the influence of electrophilic agents such as atmospheric oxygen, as well as other oxidation products which might affect the film's surface [28] .
Optical absorption measurements are widely used to characterize the electronic properties of the materials through the determination of parameters describing the electronic transitions, such as band gap, valence band tails and excited state lifetime [32] . The UV-Vis spectra for metallo-phthalocyanines originate from the molecular orbitals within the 18-π electron system and from the overlapping orbitals on the central metal atom. Phthalocyanines have two typical absorption bands, namely the Q band in the visible region (530 -800 nm) and the B or Soret band in the near-ultraviolet region (300 -400 nm) [20] [21] [22] [23] [24] . The optical transmittance spectra of the thin-film compounds deposited on quartz were recorded from 200 to 1100 nm and are shown in Figure 4 . Differences in the transmittance of the films under examination can be attributed to changes in film thickness and their aggregation state, as observed in the AFM-micrographs (see Figure 3) . It was also observed that the positions of the transmittance bands were weakly influenced by the backbone structure of these compounds.
The UV-Vis spectra of BDALiPc and AqDALiPc exhibited characteristic Q and B bands, one in the visible region at 688 and 530 nm, respectively (Q-band), attributed to the π → π* transition from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the pc 2− ring, and the other in the UV region at 333 and 306 nm (B-band), respectively, for BDALiPc and AqDALiPc, arising from the deeper π levels → LUMO transition. The electronic spectra of the BDANaPc and AqDANaPc show the characteristic Q-band absorptions at 613 -716 and 640 -707 regions. B bands of the BDANaPc and AqDANaPc arising from the deeper π levels → LUMO transitions are observed in the UV region at about 302 -340 and 303 -357 nm, respectively. The Q-band is related to the amine addition to the metallic ion in the phthalocyanine. The presence of this absorption band may be interpreted as an overlap of π orbitals through the bidentate ligand. The conjugated double bonds within the structure of the films produce electron orbital overlapping between the molecules (π orbitals). Electrons are therefore able to transfer energy throughout the structure and become responsible for the absorption spectra. The Soret band is due to electronic transitions between molecules of an intermediate ionic degree that characterize the synthesized molecular materials. The changes in the UV-Vis spectra are due to the contributions of the central elements in the Pc ring to the molecular orbitals in this region: the lowest unoccupied molecular orbital of Li 2 Pc is lower in energy than the LUMO of Na 2 Pc [17] . The thin films absorb light from either side of the blue-green region and can be used as photoconductive materials and color filters [24] .
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of the spectral dependence of the absorption near the fundamental absorption edges. Evaluation of the absorption coefficient α is defined by the Lambert-Beer law and can be calculated from the optical transmittance [33, 34] :
T is the transmittance and t is the film thickness (see Table 3 ), which was evaluated by ellipsometry. The absorption coefficient α in many amorphous semiconductors shows an exponential dependence on photon energy usually obeying the empirical relation [26] [27] [28] :
The factor β depends on the transition probability and can be assumed to be constant within the optical frequency range and n is a number characterizing the transition process. For allowed direct transitions, n = ½, and for allowed indirect transitions, n = 2. Thus, the optical gaps Eg d and Eg i for both transitions could be determined from the extrapolation to zero of the linear regions of the (αhυ) 2 = f(hν) and (αhυ) ½ = f(hν) curves, respectively [21] . The theory of Bardeen et al. [21, 35] has been successfully applied to analyze the absorption edge of different amorphous semiconductors. In amorphous semiconductors, the optical transitions are dominated by the so-called indirect interband transitions, as the absorption (α ˂ 10
) is related to indirect interband transitions [21] . In a disordered semiconductor, such as BDALiPc, AqDALiPc, BDANaPc and AqDANaPc, distributions of electronic states encroach into the otherwise empty gap region between the valence band and the conduction band. As a consequence, there is no true gap in the distributions of electronic states [27] . Despite this fact, for the purposes of this analysis, we consider two such optical gaps, the Tauc and Cody gaps. The Tauc model assumes that, in amorphous semiconductors, disorder will relax the stringent momentum conservation rules that dominate crystalline optical response considerations [26, 27] . The Tauc model also argues, drawing upon the crystalline semiconductor case, that the momentum matrix element is independent of the photon energy, hν. As a consequence, the optical gap associated with the amorphous thin film is determined through an extrapolation of the linear trend observed in the spectral dependence of (αhν) 1/2 over a limited range of hν [26, 27] .
The Tauc optical gap is defined as occurring at the intersection of this linear extrapolation with the abscissa axis [26, 27] . In order to gain some appreciation regarding how the film thickness associated with BDAMPc and AqDAMPc (M = Li, Na) influences the evaluation of the corresponding Tauc optical gap, consider Figure 5 , which shows the dependence of the absorption coefficient on photon energy and in which the Tauc optical gap determination is shown for four different film thicknesses ( Table 3 ). Figure 5 indicates that BDAMPc and AqDAMPc thin films have a strong absorption band around 1.4 -1.6 eV and a somewhat weaker band in the region between 2.0 and 2.3 eV. Similar results were obtained for NiPc thin films [7] , the analysis of the spectral behavior revealing two indirect allowed transitions. Given the nature of the curvature, as shown in Figure 5 , the Tauc optical gap corresponding to the thinner film is smaller (see Table 3 ). This increase in the Tauc optical gap with increasing film thickness has been attributed to a number of factors [26, 27] ; our analysis suggests that curvature in the Tauc plot is the dominant responsible factor. Thus, the Cody model is theoretically applicable to the BDAMPc and AqDAMPc thin films. M. E. SÁNCHEZ-VERGARA ET AL.
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The Cody model hypothesizes that this behavior occurs because of a fundamental curvature in the spectral dependence of (αhυ) ½ = f(hν), which is held responsible for the increases in the Tauc optical gap with decreasing film thickness [26, 27, 36] . In accordance to this model, as given by Cody et al, the optical gap associated with BDAMPc and AqDAMPc thin films should rather be determined by extrapolating the linear trend observed in the spectral dependence of (α/hν) 1/2 , over a limited range of photon energies. The abscissa-axis intersection of this linear extrapolation corresponds to the Cody optical gap (Figure 6 ) at the thickness of the film. Cody plots exhibit a much milder curvature than their Tauc counterparts and a much reduced dependence of the gap on film thickness than is the case with the Tauc optical gap [26, 27] . Table  3 shows the optical gap determinations from the Cody model. Even though some differences in terms of the activation energy may be noticed in the graphs, similar values may be observed by comparing the results arising from the Tauc and the Cody models. If the measurement error range is taken into account, it may be concluded that these differences are really not important, so any of the two models may be used for calculating the activation energy of BDAMPc and AqDAMPc semiconductors.
If one considers that the optical activation energy values for semiconductors are typically found in the region between 1 and 3 eV, it can be inferred that the reported thin films show a rather semiconductor-like behavior, as their onset band gaps are barely above 1.5 -1.6 eV ( Table  3) . Comparing the materials in this family, it is observed that BDANaPc and AqDANaPc have the smallest band gap of the four materials, followed by BDALiPc and finally AqDALiPc. This is the expected behavior if one takes into account the hierarchy of factors most likely to affect the size of the band gap. The thin film with sodium has the smallest band gap: it seems that the larger size of the sodium atom favors a larger electronic transport and is the main influence with respect to the bidentate amine. The optical band gap decreases when the number of electrons for the monovalent cation (Li + and Na + ) increases. This suggests that the larger-sized sodium atom produces a larger distortion in the macrocycle and increases electronic transport between the phthalocyanine and the ligand. Table 2 shows the estimated values of the linear refractive index n for the obtained thin films. Semiconductors' refractive indices and absorption coefficients are relevant when considering the design and analysis of optoelectronic devices [21, 36, 37] . The energy gap can be related to a maximum in the refractive index because the extinction coefficient at the corresponding photon energy is quite small [2] [3] [4] 7] . Thus, the optical band-gap values may be attributed to indirect electronic interband transitions. The largest n-values are obtained for BDALiPc, in agreement with the highest values of the optical gap measured for these compounds. The spectral dependence of the refractive index, n(hν), plays an important role in influencing the determination of the Cody optical gap [2-4, 14,15] . It is thus clear that care must be exercised when drawing conclusions from the dependence of the Tauc and Cody optical gaps associated with BDAMPc and AqDAMPc (M = Li, Na) on the thickness of the film.
Conclusion
Thin films of BDAMPc and AqDAMPc (M = Li, Na) can be deposited by vacuum thermal evaporation on quartz and (100) single-crystalline silicon (c-Si) wafers. Although the deposited material is amorphous in nature, it is formed by the same chemical units as the material coming from the synthesized powder. The vacuum thermal evaporation process does not change the intra-molecular bonds, suggesting that the deposition process can be considered as a molecular process. The absorption spectra thus obtained show that the π -π* transition appears in the 363 -383 nm region for the Soret-band and within the 559 -684 nm region for the Q-band. The optical absorption spectrum was used to parameterize the photon energy dependence of the refractive index and extinction coefficient. The Tauc and Cody models were used to obtain the band gap; any of the two models may be used to calculate the activation energy of BDAMPc and AqDAMPc semiconductors. Electron transport in these materials is strongly influenced by the metal in the phthalocyanine. On the basis of the optical band-gap values and the feasibility of preparing these compounds as thin films, it is suggested that these materials may have a potential use in electronic device fabrication.
